We used 28 crossbred wether lambs to determine the effects of dietary forage:concentrate ratio and metabolizable energy intake on visceral organ growth and oxidative capacity of gut tissues in lambs. Lambs were assigned randomly to a factorial arrangement of dietary treatments consisting of pelleted diets containing either 75% orchardgrass or 75% concentrate fed once daily at either .099 or .181 Mcal MEؒ(kg BW .75 )
Introduction
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Received January 29, 1999 . Accepted September 15, 1999 760 intake, P = .03). Liver weight increased (P = .0001) with ME intake and was greater (P = .005) in lambs fed 75% concentrate vs 75% forage; however, liver weight as a percentage of EBW was increased (P = .0002) with ME intake but was unaffected by diet. Greater ME intake increased (P ≤ .02) small intestinal (SI) epithelial and muscle mass of 15-cm sections, whereas jejunal epithelial mass was greater (P = .01) for lambs fed 75% forage vs 75% concentrate. Rumen epithelial concentrations of DNA and RNA increased (P ≤ .02) with greater ME intake, whereas SI concentrations of DNA and RNA were largely unaffected by diet or ME intake. The activity of Na
-ATPase increased in ileal epithelium (P ≤ .02) with ME intake and concentrate in the diet, but activity in ruminal epithelium increased (P = .05) with concentrate. Total oxygen consumption by isolated ruminal and intestinal epithelial cells was unaffected by treatment. These data suggest that ME intake and level of dietary forage affect ruminal and intestinal growth via changes in cellular hyperplasia. Additionally, this study supports the concept that ME intake and diet composition alter gut energy expenditure, at least in part, through changes in mass rather than mass specific metabolism.
account for 45 to 50% of whole-body heat energy but comprise only 10 to 13% of whole-body tissue mass (Seals and Reynolds, 1993) . Mass specific oxygen (O 2 ) consumption of gut and liver tissues is refractory to change in response to ME intake (McBride and Milligan, 1985; Burrin et al., 1990) . However, gut and liver mass and, thus, total organ energy expenditure change dramatically in accordance with ME intake (Johnson et al., 1990) . concluded that fasting heat production was highly related to visceral organ mass.
The influence of diet composition on visceral organ mass is less defined. Previous work with growing steers showed that varying the diet forage:concentrate ratio had no effect on gastrointestinal or liver tissue weights when fed at a constant ME intake . However, studies at USDA suggest that heat production by the portal-drained viscera (PDV) increases with dietary fiber content (Huntington et al., 1988; Reynolds et al., 1991) . Reynolds et al. (1991) demonstrated that the partial efficiency of ME for tissue gain was greater in heifers fed 75% concentrate than in heifers fed 75% forage at equal ME intake, primarily due to lower PDV heat production. However, it cannot be established from these data whether the increase in PDV heat production associated with dietary forage level is due to changes in tissue mass and(or) mass specific metabolism. Therefore, our laboratory has initiated a series of experiments designed to study the effects of diet composition and ME intake on visceral tissue mass, specific substrate metabolism, and metabolic capacity. In this article we describe the effects of dietary forage:concentrate ratio and ME intake on visceral organ growth and gut oxidative capacity.
Materials and Methods
Lambs and Diets. Crossbred wether lambs were purchased from a single flock in Pennsylvania and delivered to the ARS research facilities at Beltsville, MD. Prior to implementation of the experimental protocol, lambs were dewormed, vaccinated against tetanus and other clostridial organisms, and fed orchardgrass hay and a commercial starter diet for a 30-d backgrounding period. All procedures involving the lambs were approved by the Beltsville Agricultural Research Center Institutional Animal Care and Use Committee (protocol #95-015).
Twenty-eight lambs (20.1 ± .3 kg) were housed in individual raised pens (208 m × 83 cm) at an ambient temperature of 15°C with a 16-h light cycle and continuous access to water. Lambs were assigned randomly to a factorial arrangement of dietary treatments for an average feeding period of 52 d. Treatments included diets containing either 75% forage and 25% concentrate or 25% forage and 75% concentrate fed once daily at 0730 at either .099 or .181 Mcal MEؒ(kg BW .75 ؒd)
(approximately one and two times maintenance energy intake, respectively). Prior to the feeding period, lambs were adjusted to the experimental diets by providing an intermediate ME intake for 14 d. Lambs within each treatment were fed in three groups, and the initiation of the feeding period for each group was separated by 7 d. Feed offered and orts were recorded daily. Lambs were weighed at 0700 twice weekly, and the amount of feed offered was adjusted weekly based on the average BW from the preceding week. Experimental diets (Table 1) were formulated to contain 75% orchardgrass hay: 25% concentrate or 75% concentrate: 25% orchardgrass hay and to provide equal amounts of Ca and P. Diets were adjusted to maintain a constant CP:ME (g/Mcal) to equalize CP intake across diets. Dietary CP was provided in excess (NRC, 1985) so that ME would be first-limiting for growth. Vitamins and trace minerals were supplied in adequate amounts to meet NRC (1985) recommendations. Ammonium chloride was included in the diets to circumvent problems associated with urinary calculi. In order to minimize differences in particle size and bulk density, diets were pelleted (6.4-mm die) by grinding through a hammer mill with a 16-mm screen and heating to 71°C for 3 min. Diets were sampled daily, composited weekly, and analyzed for DM content (AOAC, 1984) . Weekly determinations of DM content were used to adjust the amount of feed offered the following week. A portion of each weekly sample was retained and subsequently composited by diet at the end of the feeding period. Composited dietary samples were ground through a 1-mm screen in an ultracentrifugal mill (model ZM-1, Brinkmann Instrument, Westbury, NY) and analyzed (Table 1) (Goering and Van Soest, 1970) , and ether extract (AOAC, 1984) . The NDF procedure was modified by the addition of heatstable amylase (Sigma Chemical, St. Louis, MO) to all samples during analysis. Lignin was determined with the permanganate oxidation method (Goering and Van Soest, 1970) .
Visceral Organs and Tissues. After the feeding period, two lambs from different treatment groups were slaughtered daily (0800 and 1000) over a 3-wk period. Lambs were stunned with a captive bolt gun, exsanguinated, and viscera removed. The liver, kidneys, heart, and lungs were separated from surrounding connective tissue and weighed. Forestomachs (rumen, reticulum, omasum, and abomasum) and large intestine were separated from connective and adipose tissue, digestive contents emptied, rinsed with warm tap water, blotted, and weighed. The rumen and reticulum were separated by inverting the reticulorumen and cutting along the reticuloruminal fold. Immediately after weighing, the ventral cranial region of the rumen was identified, and epithelial tissue was dissected from the musculature and immediately placed (50 to 100 g) in an isotonic oxygenated wash buffer (KH-HEPES; Krebs-Henseleit buffer, pH 7.4, containing 25 mM HEPES, GIBCO, Gathersburg, MD) at 37°C and transported to the laboratory for cell isolation. Epithelium was further partitioned for RNA and DNA (2 to 5 g snap-frozen in liquid N 2 ), DM (100°C for 48 h), and N (carbon/nitrogen analyzer, LECO) analysis with an additional sample being placed into ice-cold TRIS (10 mM, Sigma Chemical)-buffered saline (pH 7.5) for analysis of ATPase activity.
The small intestine was separated from the mesentery and rinsed with 2 L of KH-HEPES (37°C), blotted, and weighed. Length was determined by looping the intestine across a stationary board, fitted with plastic pegs at 1-m increments, without tension to minimize stretching. Intestinal sections (1 m) from the duodenum (1 m distal to the pyloric sphincter), jejunum (midpoint of the small intestine), and ileum (1 m anterior to the ileocecal junction) were filled with calcium chelating buffer (KH-HEPES containing 5 mM EDTA and 1% dialyzed BSA, Sigma Chemical) at 37°C, ligated, and placed into a container filled with KH-HEPES (37°C) for transport to the laboratory. Two additional sections (15 cm) were taken from each intestinal site, weighed, and processed for total tissue and epithelial composition analysis. Total tissue sections were sampled and placed into ice-cold TRIS-buffered saline for analysis of ATPase activity. Epithelial tissue was harvested by splitting sections along their longitudinal axis and scraping with a glass slide. Total and epithelial tissue were partitioned for RNA, DNA, DM, and N analysis as described for rumen epithelium. All visceral organs and tissues were weighed and processed within 45 min after exsanguination.
DNA and RNA Analyses. Frozen tissues were minced, weighed, and pulverized on Dry Ice using a Bessman tissue pulverizer (Spectrum Laboratories, Laguna Hills, CA). Pulverized samples were placed (1:14 sample:buffer ratio) into ice-cold extraction buffer (10 mM TRIS with 5 mM EDTA, pH 8.0) and homogenized (model PT10/35, Brinkmann Instrument) on ice by applying three 1-min bursts over 5 min. A 1.0-mL aliquot of each tissue homogenate was placed into a 1.5-mL polypropylene microcentrifuge tube and frozen (−70°C) for subsequent DNA analysis (Labarca and Paigen, 1980) . A second 1.0-mL aliquot was placed into a 2.0-mL microcentrifuge tube and assayed for RNA using the method described by Schmidt and Thannhauser (1945) .
Cell Isolation and In Vitro O 2 Consumption.
Ruminal epithelial cells were isolated via fractional digestion with trypsin as previously described by Baldwin and Jesse (1991) and suspended in KH-HEPES. Enterocytes were isolated according to the procedures of Watford et al. (1979) . In brief, calcium chelating buffer was removed upon arrival to the laboratory and discarded. Intestinal segments were refilled with ice-cold KH-HEPES supplemented with 1% BSA, placed on ice, and digitally manipulated for 2 min to release enterocytes into the lumen. Luminal contents were decanted into 60-mL polypropylene centrifuge tubes and centrifuged (60 × g for 5 min, 4°C). Buffer was decanted, and cell pellets were suspended in ice-cold KH-HEPES. These steps were repeated as necessary to achieve required cell yields. Cell yields were determined with a hemacytometer (Reichert, Buffalo, NY), and cell viabilities were estimated using trypan blue dye exclusion (Sigma, 1995) . Cell viabilities averaged 88.4 ± .7, 60.7 ± 2.3, 51.1 ± 2.2, and 55.3 ± 2.2% for ruminal, duodenal, jejunal, and ileal cell preparations, respectively. Cell concentrations were adjusted to 60 to 100 × 10 6 viable cells/mL with KH-HEPES and maintained at room temperature (rumen epithelial cells) or on ice (enterocytes) until initiation of O 2 consumption analysis.
Rates of O 2 consumption of the cell suspensions were measured polarographically using a YSI O 2 electrode assembly (Yellow Springs Instrument, Yellow Springs, OH) according to the methods described by McBride and Milligan (1985) . Cell suspensions (100 L) were added to 3.9 mL of air-saturated Medium 199 (Sigma Chemical) in a electrode chamber, and O 2 consumption was recorded over 4 to 5 min. Oxygen consumption rates were calculated using the linear portion of three recordings and expressed as O 2 consumedؒ(1 × 10 6 viable cells
Tissue Na+-K-ATPase Activity. Intestinal epithelium was harvested and tissues (ruminal, duodenal, jejunal, and ileal) were minced, weighed, and diluted 1:20 with ice-cold buffer (25 mM imidazole, pH 7.5, containing .005% aprotinin; Sigma Chemical Co.), homogenized, disrupted by sonication (model 450, Branson Ultrasonics, Danbury, CT), and filtered through nylon mesh (70-m mesh, Becton Dickinson, Rutherford, NJ). An aliquot of filtered homogenate was taken and total protein concentration determined with the procedures of Smith et al. (1985) using bicinchoninate (Pierce, Rockford, IL). The remaining homogenate was assayed for ATPase activity by quantifying P liberation from ATP (Caperna and Gavelek, 1996) . Assays were conducted in the absence and presence of 1 mM ouabain. The Na + -K + -ATPase activity was considered to be ouabain-sensitive ATPase hydrolysis.
Statistical Analyses. All statistical analyses were conducted using GLM procedures of SAS (1990). Data were analyzed as a completely randomized design with Probability of larger F-statistic. c n = 7 except for concentrate diet at low intake (n = 6); SE calculated using n = 6. d n = 6 except for forage diet at low intake (n = 7); SE calculated using n = 6. e P > .05. a 2 × 2 factorial arrangement of treatments (Steel and Torrie, 1980) . Analyses of variance for measured variables were performed using diet, intake, and diet × intake in the model. Significant treatment interactions were separated using Least Significant Differences (SAS, 1990) . In order to minimize the effects of differences in gut fill on BW, ADG and gain efficiency were calculated using the final 49 d for the feeding period.
Because of morbidity, one lamb in the low intake-concentrate diet treatment group was removed from the study during the feeding period. The unbalanced number of observations (n = 5 to 7) for visceral and isolated epithelial cell components of the study also reflect unrecorded data, samples lost during processing, or insufficient cell yields. All data are presented as least squares means ± SE, with the SE calculated using the least number of observations for each measured variable. Treatment effects were considered significant at P ≤ .05 and a tendency to be significant at P ≤ .10.
Results
As intended, DM and ME intake, ADG, and efficiency of gain were greater (P = .0001) in lambs when both diets were fed at high ME intake (Table 2) . Average daily gain for lambs at low ME intake did not differ from zero (P > .20), indicating that they were near or at maintenance energy intake. Lambs fed 75% concentrate consumed less DM (P = .0002), gained at a faster (P = .01) rate, and were 58% more (P = .006) efficient than lambs fed 75% forage.
Total digestive tract (TDT; stomach complex and intestines) weight, on a wet tissue basis, increased (P = .0001) with ME intake and was greater (P = .03) in lambs fed 75% forage than in lambs fed 75% concentrate (Table 3) . Greater ME intake resulted in increased (P = .0001) rumen, omasum, abomasum, large intestine, liver, heart, kidneys, and lung (P = .01) weights. Lambs fed 75% concentrate had lower (P = .0003) omasum and higher (P = .005) liver weights than lambs fed 75% forage. Reticular (P = .0001) and small intestinal (P = .001) weights were greater in lambs fed 75% forage than in those fed 75% concentrate at high ME intake but were similar (P > .27) for both diets at low ME intake (diet × intake interaction, P ≤ .03).
Expressed as a percentage of empty body weight (EBW), TDT (P = .0002), reticulum (P = .0004), abomasum (P = .02), and small intestine (P = .001) weight increased with greater intake of 75% forage but was not affected (P ≥ .26) by intake of 75% concentrate (diet × intake interaction, P ≤ .04; Table 4 ). Rumen (P = .0001) and liver (P = .0002) weight increased relative to EBW with greater ME intake. A larger percentage of EBW was as omasum (P = .0005) and large intestine (P = .05) in the lambs fed 75% forage compared with lambs fed 75% concentrate. Additionally, weight of the kidneys tended to be a greater (P = .07) proportion of EBW in lambs fed 75% forage than in those fed 75% concentrate. As a percentage of EBW, heart and lung weights were unaffected (P > .10) by diet and ME intake.
Although small intestinal length increased (P = .0002), the ratio of small intestinal length to EBW tended (P = .10) to decrease with greater ME intake ( Table 5) . Section (15 cm) weights of total tissue (i.e., muscle and epithelial layers) from the duodenum, jejunum, and ileum increased (P = .0001) with greater ME intake as a result of increased epithelium (P = .0001) and muscle (P ≤ .02). Total and epithelial tissue weights of jejunal sections from lambs fed 75% forage were greater (P = .01) than those from lambs fed 75% concentrate.
The concentration of DNA (P = .01) and RNA (P = .02) increased and the concentration of N decreased (P c n = 7 except for concentrate diet at low intake (n = 6); SE calculated using n = 6. = .006) in ruminal epithelium with greater ME intake ( Table 6 ). These changes in concentrations resulted in a higher (P = .001) RNA:N and a tendency for a lower (P = .06) N:DNA with greater ME intake. Greater ME intake increased (P = .03) DNA and tended to increase (P = .09) RNA concentration in total tissue from the ileum, but it did not affect (P > .10) N concentration or RNA:N and N:DNA. In contrast, ileal epithelium concentrations of DNA, RNA and N were unaffected (P > .10) by dietary treatment. Jejunal total (P = .02) and epithelial (P = .06; tendency) tissue concentrations of DNA were higher, or tended to be higher, and the Probability of larger F statistic. c n = 6 except for forage diet as low intake (n = 7); SE calculated using n = 6. N:DNA was lower (P ≤ .04) in lambs fed 75% forage than in lambs fed 75% concentrate, but RNA and N concentrations were unaffected (P > .10) by diet. Duodenal total and epithelial tissue concentrations of DNA, RNA, and N were unaffected (P > .10) by dietary treatment. In general, DNA (threefold) and RNA (1.5-fold) concentrations were higher in intestinal than in ruminal epithelium. Rates of in vitro O 2 consumption by isolated ruminal and intestinal epithelial cells were similar (P > .10) across dietary treatments (Table 7) . Rates of O 2 consumption by duodenal and jejunal epithelial cells were f n = 7 except for concentrate diet at low intake (n = 6); SE calculated using n = 6. g n = 6 except for forage diet at low intake (n = 7); SE calculated using n = 6. h P > .05.
generally greater than those observed for ruminal and ileal epithelial cells. Rumen epithelial Na + -K + -ATPase activity was higher (P = .05) and total-ATPase activity tended to be higher (P =.08) in lambs fed 75% concentrate than in lambs fed 75% forage (Table 8) , which resulted in no change in the proportion of total activity that was ouabain-sensitive (POS). Additionally, total ATPase (P = .02) and Na + -K + -ATPase (P = .001) activities and POS (P = .003) in ileal epithelium were higher for 75% concentrate vs 75% forage. Although total ATPase activity was not affected (P > .10), POS in duodenal, jejunal, and ileal epithelium increased (P ≤ .04) with greater ME intake; however, an increase (P = .02) in Na + -K + -ATPase activity was only observed for ileal epithelium.
Discussion
Previous studies have demonstrated acute changes in gut and liver mass and O 2 consumption in response to level of alimentation (Rompala and Hoagland, 1987; Burrin et al., 1990; Huntington et al., 1990) . Despite the acute nature of these changes, a substantial amount of time is required to achieve steady-state in gut and liver mass and(or) O 2 consumption following alterations in feed intake. Ferrell and Koong (1985) reported that 21 to 42 d were required to reach constant visceral organ weights in feed-restricted lambs. This time frame is similar to that reported for weightrestricted pigs in which constant visceral organ weights were achieved in 21 d . Freetly et al. (1995) demonstrated that PDV and hepatic O 2 consumption in sheep reached steadystate in 29 and 21 d, respectively, following feed restriction. In the same study, Freetly et al. (1995) predicted, using data from a 42-d realimentation period, that PDV and hepatic O 2 use in the previously restricted sheep would equal that of control lambs, fed for ad libitum consumption, at 38 to 40 d after restriction. Based on these findings, dietary treatments in the current experiment were imposed for an average of 52 d to maximize potential treatment effects and to increase the probability that adaptations to dietary composition and ME intake were complete. Lambs fed at low ME intake maintained body weight, and lambs fed at high ME intake gained body weight over the 52-d feeding period. Thus, measured characteristics presumably reflect gut and liver tissues at steady-state weight (low ME intake) or tissues undergoing growth (high ME intake).
The current changes in visceral organ mass in response to ME intake (Table 3) are consistent with previous reports on sheep (Meyer and Clawson, 1964; Rompala and Hoagland, 1987; Burrin et al., 1990) , cattle (Sainz and Bentley, 1997) , and pigs (Koong et al., 1983) showing that feed restriction retards organ growth or reduces organ weight when preceded by higher levels of alimentation. Total digestive tract weight was greater in lambs fed 75% forage than in lambs fed 75% concentrate, largely due to increased weights of individual organs, with the exception of the rumen, at high ME intake. This relationship was maintained when TDT and individual organ weights were expressed as a function of EBW, thereby reflecting a disproportional increase in digestive tract organ mass in lambs fed 75% forage compared with lambs fed 75% concentrate at high ME intake. This contrasts with earlier work in steers that showed that constant ME intake of diets d n = 7 for high intake; n = 6 and n = 5 for forage and concentrate diet, respectively, at low intake; SE calculated using n = 5. e n = 7 for high intake; n = 5 for low intake; SE calculated using n = 5. f n = 7 for forage diet at high intake; n = 6 for concentrate and forage diets at high and low intake, respectively; n = 5 for concentrate diet at low intake; SE calculated using n = 5. g P > .05. containing 10, 45, and 95% chopped alfalfa had no effect on TDT weight . Johnson et al. (1990) , using data from the literature, reported that gastrointestinal mass as a function of EBW .75 , when regressed against ME intake as a function EBW .75 , was similar between lambs fed pelleted diets containing either 80% (.222 g tissue/kcal ME) alfalfa or 90% concentrate (.218 g tissue /kcal ME); however, ). c Probability of larger F statistic. d n = 7 except for concentrate diet at low intake (n = 6); SE calculated using n = 6. e n = 7 for concentrate and forage diets at high and low intake, respectively; n = 6 for forage and concentrate diets at high and low intake, respectively; SE calculated using n = 6. f n = 6 except for forage diet fed at high intake (n = 7); SE calculated using n = 6. g P > .05. both were lower than intestinal mass of lambs fed pelleted, dehydrated alfalfa (.330 g tissue /kcal ME). Similar to our findings, Sainz and Bentley (1997) reported that forestomach and intestinal weights were greater in growing steers fed a 95% forage diet for ad libitum intake compared with steers pair-fed an 85% concentrate diet to achieve equal body weight gains. In the present study, liver mass increased with concentrate in the diet and was proportionate to changes in EBW. Therefore, the increase in liver mass reflected overall growth rather than liver-specific growth.
The observed increases in small intestinal mass associated with high ME intake are largely explained c n = 7 except for concentrate diet at low intake (n = 6); SE calculated using n = 6. by the combined increases in intestinal length and epithelial tissue mass. Although both epithelial tissue and smooth muscle mass in duodenal, jejunal, and ileal sections were increased with greater ME intake, 90% of the increase in mass is accounted for by epithelial tissue growth. This is consistent with previous studies with lambs that have shown jejunal epithelial mass to increase with plane of nutrition (Rompala and Hoagland, 1987; . In contrast to ME intake, the increase in intestinal mass associated with diet (75% forage vs 75% concentrate at high ME intake) is explained solely by changes in tissue mass, because intestinal length was not different between the two groups of lambs. Although the epithelial tissue mass was comparable in duodenal and ileal sections, epithelial mass in jejunal sections was 33% higher in lambs fed 75% forage than in those fed 75% concentrate. This disproportional increase in epithelial mass is consistent with epithelial DNA concentrations (discussed below), and this indicates greater cell proliferation within this section of the intestine. The concentration of DNA in ruminal epithelium increased in response to greater ME intake. This, combined with increased rumen weight at high ME intake, indicates cellular hyperplasia. Additionally, using N:DNA as an indicator of cell size (Enesco and Leblond, 1962) and RNA:N as a measure of protein synthetic capacity (Burrin et al., 1992) , rumen epithelial cells tended to be smaller and have a greater protein synthetic capacity in lambs fed at high ME intake. Burrin et al. (1992) reported a similar response with respect to cell number in lambs fed for ad libitum intake compared to lambs restricted to maintain body weight, but they did not observe a change in cell size or protein synthetic capacity. These differences may reflect the fact that epithelial tissue was used in the current study, and Burrin et al. (1992) used total ruminal tissue with muscle included. Because VFA increase mitotic indices in rumen epithelium (Sakata and Tamate, 1974) , combined with the fact that ruminal VFA concentrations were greater in lambs fed high ME intake in the current study (Baldwin and McLeod, 2000) , it is likely that the increase in cell numbers associated with high ME intake is a response to ruminal VFA concentration. However, because ME intake is confounded with DMI and numerous other factors have been implicated in ruminal proliferation (Galfi et al., 1991) , this cannot be concluded with certainty.
Concentrations of DNA and RNA and N:DNA and RNA:N in intestinal tissues were unaffected by ME intake, with the exception of the total ileal tissue (epithelium and smooth muscle), in which DNA concentrations were higher with greater ME intake. Thus, the observed increases in intestinal mass associated with high ME intake reflect increased cellularity with constant cell size and comparable protein synthetic capacities. This conflicts with Burrin et al. (1992) , who reported that ad libitum intake by lambs increased intestinal cell size with no change in cell number compared with lambs fed at maintenance. In contrast, studies in steers have shown intestinal growth to be associated with an increase in cell number and a constant cell size (Di Marco et al., 1987; Sainz and Bentley, 1997) . In the present study, dietary forage:concentrate ratio did not effect DNA and RNA concentrations or N:DNA and RNA:N in duodenal and ileal tissues. Conversely, DNA concentrations were increased or tended to be increased and N:DNA were decreased in jejunal total and epithelial tissues from lambs fed 75% forage compared to those fed 75% concentrate. Because DNA concentrations either remained constant or increased, increases in intestinal mass associated with 75% forage reflect a hyperplastic increase in cell number with constant cell size, except for the jejunum, where epithelial cell size declined. The reason for this differential effect on cell size between intestinal segments is unclear; however, it is most likely a reflection of the complexity of mechanisms controlling intestinal cellular growth and turnover (Johnson, 1987) .
Several studies in sheep and cattle have shown a positive relationship between PDV O 2 consumption and ME intake (Huntington et al., 1988; Burrin et al., 1989; Reynolds et al., 1991; Freetly et al., 1995) . Additionally, Reynolds et al. (1991) , using diets similar to those in the current study (75% alfalfa vs 75% concentrate), reported that PDV O 2 consumption was greater in heifers fed 75% forage than in heifers fed 75% concentrate. Our finding that in vitro rates of total O 2 consumption by isolated ruminal and intestinal epithelial cells were not affected by treatment indicates that cellular oxidative capacity remains constant despite changes in tissue status (i.e., at steady-state weight vs growing) due to ME intake and(or) changes in dietary forage:concentrate ratio. Taken in concert with the current observed changes in digestive tract organ mass, our data suggest that previously observed differences in PDV O 2 consumption associated with ME intake and dietary forage reflect changes in organ weight rather than tissue oxidative capacity. This is supported by earlier work demonstrating that in vitro rates of O 2 consumption by sheep rumen, duodenal, and jejunal epithelium were unaffected by alimentation (McBride and Milligan, 1985; Burrin et al., 1990; Wester et al., 1995) . Harmon et al. (1991) reported that in vitro O 2 consumption rate was greater in ruminal papillae from calves fed 2 × NE m than in those from calves fed 1 × NE m . Although it is difficult to make direct comparisons between our findings using isolated rumen epithelial cells and those of Harmon et al. (1991) using papillae, one obvious difference between these studies was their inclusion of VFA in the incubation media. Nevertheless, incubation of rumen epithelial cells from the current study (Baldwin and McLeod, 2000) in the presence of VFA did not show an effect of ME intake or diet on oxidation to CO 2 .
Studies using tissues from sheep and cattle have shown that Na + -K + -ATPase-dependent respiration, as a percentage of total respiration, represents 25 to 60% for intestinal mucosa (McBride and Milligan, 1985; and 21 to 24% for ruminal papillae (Kelly et al., 1993) . In contrast to total O 2 consumption, it has generally been demonstrated that Na + -K + -ATPase-dependent respiration in intestinal tissue is influenced by alimentation. McBride and Milligan (1985) compared rates of Na + -K + -ATPase-dependent respiration in duodenal mucosa biopsies taken from lambs either feed-deprived for 48 h or fed two levels of DE (1.8 Mcal vs 3.5 Mcal) intake. These researchers reported that Na + -K + -ATPase-dependent respiration increased with DE intake, the greatest increase being observed between feed-deprived lambs and those with low DE intake. Similarly, Na + -K + -ATPase activity, as measured by inorganic phosphorus release, in jejunal mucosa from lambs fed for ad libitum intake was greater than that in weight-restricted lambs (Rompala and Hoagland, 1987) . In contrast to these findings, did not detect a change in Na + -K + -ATPase-dependent respiration in jejunal mucosa of lambs fed for ad libitum intake vs lambs fed at 40% ad libitum. In the present study, although numerically higher in duodenal and jejunal epithelium, Na + -K + -ATPase activity in response to high ME intake was only increased in ileal epithelium. However, Na + -K + -ATPase activity as a percentage of total ATPase activity increased with ME intake in all intestinal segments, indicating a shift in Na + -K + -ATPase activity, presumably at the expense of Mg ++ -ATPase activity.
In contrast to the effects of ME intake, total ATPase and Na + -K + -ATPase activity increased in ruminal and ileal epithelium as concentrate in the diet increased. The increase in Na + -K + -ATPase activity for ruminal epithelium was a reflection of a numerical (P = .08) increase in total ATPase activity, but for ileal epithelium, the increase in Na + -K + -ATPase activity was not proportional and accounted for 67% of the increase in total ATPase activity. These changes in Na + -K + -ATPase and total ATPase activity are difficult to explain in light of the fact that they do not result in a change in the total O 2 consumption by the isolated cells and are not necessarily associated directly with changes in gut mass.
Implications
Previous research at Beltsville has demonstrated that the lower partial efficiency for metabolizable energy use for tissue gain for high-forage diets compared with concentrate diets can be ascribed primarily to an increase in portal-drained viscera heat production. This research extends these findings by demonstrating that changes in visceral heat production associated with diet forage:concentrate ratio and metabolizable energy intake are attributable to differences in visceral tissue mass rather than mass specific metabolism. Although the mechanisms responsible for the observed differences in visceral tissue mass have not been delineated, future prediction models should consider metabolizable energy intake as well as dietary constituents.
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